Interphase Engineering Enabled All-Ceramic Lithium Battery
INTRODUCTION
Achieving a high-performance solid-state battery (SSB) with nonflammable, inorganic solid electrolyte has been considered as the ultimate solution for the safety issue of lithium ion batteries. 1, 2 Sulfide-based solid electrolytes such as Li 10 GeP 2 S 12 , [3] [4] [5] and garnet-type Li 7 La 3 Zr 2 O 12 (LLZO) 6 are being considered as the most promising solid electrolytes for SSBs because of their high ionic conductivities. Significant advance has been made to achieve both high-voltage and high-power SSBs based on sulfide-based electrolytes owing to their excellent mechanical properties. 3, 4 However, the challenges of the formation of toxic H 2 S from the hygroscopic sulfides and the poor electrochemical stability of the sulfide-based electrolytes 7-9 still remain. Garnet-type LLZO has therefore attracted increasing attention due to its higher air stability and electrochemical stability, 6, 7 although slight reactions between LLZO and H 2 O/CO 2 in the air also occur. 10, 11 Moreover, LLZO also holds great promise of using high-capacity lithium metal as an anode. The stable cycling of Li metal with LLZO with a low interfacial resistance has been reported by several groups, [12] [13] [14] [15] although the lithium dendrite formation along the grain boundaries at high currents is still a challenge. [14] [15] [16] [17] [18] Despite this great promise, the performance of the LLZO-based all-solid-state lithium battery is far worse than that of the sulfide-based SSBs because of the huge interfacial resistances between the cathode and the rigid LLZO electrolyte. 1, 13, 19 The high cathode/electrolyte interfacial resistance in all-solid-state lithium batteries is mainly attributed to (1) the poor contact between the solid active material and solid electrolyte in the cathode composite, and between the cathode composite layer and the rigid electrolyte layer 20, 21 ; (2) active material and solid electrolyte during charge/discharge 8, 22 and/or high-temperature sintering 13, 23 processes; (3) the strain/stress at the interface generated from the large volume change of the electrode materials during charge/discharge 24 and/or from the different coefficients of thermal expansion between electrode and electrolyte during high-temperature sintering; and (4) the formation of spacecharge-layer at the interface. 19, 25 Several attempts have been made to lower the cathode/electrolyte interfacial resistance in LLZO-based SSBs. LiCoO 2 (LCO) was mainly used as the cathode in these works, presumably because the high electronic conductivity of both LCO and the delithiated LCO allows fast lithiation/delithiation of LCO cathode without any electronically conductive additives. 26, 27 Vacuum deposition of thin-film LCO cathode on LLZO electrolyte pellet can improve the interfacial contact, 28 but the vacuum deposition method is undesirable for preparing a high-loading electrode (usually tens of microns thick) for a high-energy bulk-type lithium battery. The direct coating of active material on an LLZO pellet at room temperature using mature slurry-casting technology would not work because of the insufficient interfacial contact. 13 High-temperature sintering can improve the interfacial contact, but may also lead to the formation of a highly resistive interphase because of the chemical instability between cathode and LLZO. 13, 29 For example, the LCO cathode prepared by sintering LCO on an LLZO pellet at 700 C was only able to deliver a low capacity of 35 mAh/g, which is only 25% of theoretical capacity of LCO (140 mAh/g), due to the elemental cross-diffusions and the formation of tetragonal LLZO phase at the LCO/ LLZO interface. 13 To address the chemical instability between LCO and LLZO at high temperature, Li 3 BO 3 with a low melting point (700 C) was added in the cathode composite to lower the sintering temperature. 13, [30] [31] [32] [33] However, the improvement on the battery performance was still limited because simply adding a sintering additive in the cathode cannot guarantee a complete separation between the LCO particles and LLZO electrolyte, especially if the sintering additive has poor wetting capabilities with LCO and LLZO. As a result, LLZO and LCO will still be in partial contact with each other, causing severe reactions between them during sintering and charge/discharge processes. To date, for the bulk-type LLZO-based all-solid-state batteries, the highest reported capacity is 101 mAh/g that was achieved at a low current density of 0.025 C with no cycling data, 32 while the longest cycle number of 10 was achieved at 0.2 C with a low capacity of 67 mAh/g. 13 As a compromise, flammable polymer 34, 35 40 Another unique advantage of this approach is that the LCBO interphase has a high ionic conductivity (much higher than Li 3 BO 3 ). 39 The high ionic conductivity of LCBO has enabled it to be a solid electrolyte for the all-solid-state lithium battery. 24 It is well known that the inevitable formation of The complete separation between LCO and LLZO by LCBO effectively suppressed the elemental diffusions and chemical reactions between LCO and LLZO and suppressed the formation of the space-charge-layer at the LLZO/LCO interface. The LLZO particles contained in the cathode not only improved the ionic conductivity of the cathode, but also functioned as a reinforcing phase to improve the mechanical property of the SSB, 42 helping to accommodate the strain/stress generated during lithiation/delithiation. It should be noted that the thin interfacial layer ($6 nm) between LCO particles will deform during sintering, which will help ensure the interconnectivity between LCO particles that determines the electronic conductivity of the electrode. A thicker coating of electronic insulating layer (e.g., Li 4 Ti 5 O 12 , 25 Li 2 S-P 2 S 5 , 43 Li 6 PS 5 Cl, 44 or LiI-Li 4 SnS 4 45 ) on LCO has been reported for a high-performance all-solid-state battery. The simultaneous improvements in the interfacial contact, (electro)chemical stability, ionic conductivity, and mechanical property of the all-ceramic cathode/electrolyte enabled an all-solid-state Li/LLZO/LCO battery to provide an extremely high electrochemical performance.
RESULTS AND DISCUSSION
It is known that the lithium in the Li-stuffed garnet (LLZO) is unstable when LLZO is exposed to air and can be extracted to react with the CO 2 , forming Li 2 CO 3 . 10,37 A recent work shows that Li 2 CO 3 can be spontaneously formed on LLZO surface even during the synthesis process when the sample is cooling down in air.
10 Figure 2A shows the scanning electron microscopy (SEM) image of the LLZO particles after exposure to air for several days. The particle size is less than 1 mm. The transmission electron microscopy (TEM) image ( Figure 2B ) demonstrates a coating layer on the LLZO surface with a thickness of around 30 nm. The elemental mapping ( Figure 2C ) demonstrates that the coating layer contains uniformly distributed carbon. Although no additional peaks other than cubic LLZO can be observed from the X-ray diffraction (XRD) pattern of the air-exposed LLZO ( Figure 2H ), Raman (Figure 2I ) and X-ray photoelectron spectroscopy (XPS) ( Figure 2J ) results confirmed that the coating layer on the surface of LLZO is Li 2 CO 3 , consistent with the previous report. 37 The LLZO without Li 2 CO 3 coating was also prepared by heating the airexposed LLZO at 750 C under Ar atmosphere for 2 hr, and the TEM image and
Raman spectra ( Figure S1 ) confirm that Li 2 CO 3 was successfully removed. Figures 2D and 2E show the SEM and TEM images of the as-prepared LCO, respectively. The particle size of LCO is around 2 mm ( Figure 2D ) with a bare surface ( Figure 2E ). The absence of the Li 2 CO 3 coating on the as-prepared LCO implies that the spontaneously formed Li 2 CO 3 on LCO is too thin, which is probably due to slower growth kinetics of Li 2 CO 3 on LCO than that on LLZO. Therefore, an artificial Li 2 CO 3 layer was coated on LCO (see Experimental Procedures). The morphology of LCO did not change after coating with Li 2 CO 3 ( Figure 2F ). However, the TEM image ( Figure 2G ) shows that the thickness of the coated Li 2 CO 3 is 3 nm. Raman ( Figure 2I ) and XPS ( Figure 2J ) confirmed that the coating layer is Li 2 CO 3 , although the intensity of the peak corresponding to Figure S4) show that the LLZO electrolyte pellet has a cubic garnet structure with a high ionic conductivity of 1.4 3 10 À3 S/cm at 25 C and 8.2 3 10 À3 S/cm at 100 C, and a thin layer of Li 2 CO 3 was also spontaneously formed on the LLZO ceramic pellet. Figures 3B and 3C show the SEM images of the cross-section and top surface of the cathode composites coated on an LLZO electrolyte pellet before sintering. The thickness of the cathode composite is around 20 mm. The elemental mappings ( Figure S5) show that the three phases are uniformly distributed in the cathode. Figures 3D and 3E show the SEM images of cross-section and top surface of the cathode composites after sintering at 700 C. The results indicate that after sintering, the cathode composite turns into a dense cathode with LLZO and LCO particles embedded in an LCBO matrix. High-magnification crosssection SEM image and elemental mappings of Co, Zr, and B ( Figures 3F-3I ) demonstrated that both LLZO and LCO are tightly surrounded by the LCBO matrix. The intimate interfacial contact between the cathode composite and LLZO pellet ( Figure 3D) and within the cathode composite ( Figure 3F ) confirmed the strong wetting properties of LCBO with both LCO and LLZO.
We then tested the electrochemical performance of the interphase-engineered all-ceramic Li/LLZO/LCO cell. The thickness of the cathode layer is around 20 mm and the loading of LCO in the cell is about 1.0 mg/cm 2 . Figure 4A shows the first three charge/discharge curves of the interphase-engineered all-ceramic Li/LLZO/ LCO cell at the current density of 0.05 C at 100 C. The charging cutoff voltage of 4.05 V was used as in the previous reports 24, 30 to limit the volume change of the electrode during lithiation/delithiation. The theoretical capacity of LiCoO 2 within the voltage range of 3.0-4.05 V is 115 mAh/g, corresponding to 0.42 Li per CoO 2 .
The first charge and discharge capacities are 142 and 106 mAh/g, respectively.
The irreversible capacity at 3.75 V in the first charge process is attributed to the decomposition of organolithium compounds that were produced during the sintering process. 30 Highly reversible lithiation/delithiation processes were observed in the following cycles. Figures 4B and 4C show the rate performances of the interphase-engineered all-ceramic Li/LLZO/LCO cell at different current densities at 100 C. The all-solid-state cell can still deliver a high capacity of 70 mAh/g even at 1 C. Moreover, the reversible capacity increased to 90 mAh/g at 0.05 C after cycling at 1 C, indicating the high stability of the battery during high-rate charge/discharge processes. It should be noted that the rate performances of the cathode composite were measured using different fresh cells. This procedure allows us to determine the real capacity that can be delivered by the cathode composite at different C rates without the effect of capacity degradation over long-term cycling. 47 The critical role of the Li 2 CO 3 coatings on LCO and LLZO in the cycling stability is demonstrated in Figure 4D , which compares the cycling performances of the three different cathode composites: (1) Table S1 ), wherein the cell with Li 2 CO 3 coated on both LCO and LLZO cathode shows the smallest area specific resistance (ASR) for the cathode/electrolyte interface. It should also be noted that the ASR of the Li/LLZO interface is much smaller than that of the cathode/electrolyte interface, indicating that the interfacial resistance of the cell is mainly controlled by the cathode/electrolyte interface. In addition, we also tested the electrochemical performance of the LCO@Li 2 CO 3 + LLZO@Li 2 CO 3 cathode composite without Li 2.3 C 0.7 B 0.3 O 3 sintering additive. The cell could only deliver a low reversible capacity of 35 mAh/g for the first cycle with a fast capacity ( Figure S7 ), demonstrating the important role of Li 2.3 C 0.7 B 0.3 O 3 in the interfacial properties of the cathode composite. The performances of the interphase-engineered Li/LLZO/LCO cell at 25 C were also tested. Although a large overpotential was observed from the charge/discharge curve ( Figure 4E ) when compared with that tested at 100 C ( Figure 4A ), the cell delivered excellent cycle stability at 25 C. The reversible capacity stabilized at around 83 mAh/g for 100 cycles ( Figure 4F ), representing the best cycle life for all-ceramic lithium batteries.
In addition, we also tested the performances of the interphase-engineered cell with increased LCO loading and within a wider voltage range. The results are summarized in Figure S8 . The cell with an increased LCO loading (3 mg/cm 2 ) delivered capacity similar to that of the one with 1 mg/cm 2 loading at 100 C. Increasing the cutoff voltage to 4.2 V largely increased the reversible capacity to 124 mAh/g for the first cycle at 100 C, but fast capacity decay was also observed for the first few cycles.
Interestingly, the cell worked well within the cutoff voltage range of 3.0-4.2 V at 25 C ( Figure S8D) , and an initial capacity of 104 mAh/g was achieved at 0.025 C. Table 1 summarizes the performances of all reported LLZO-based bulk-type all-ceramic lithium batteries. The results indicate that our interphase-engineered Li/LLZO/LCO cell significantly improved electrochemical performances in terms of the capacity, cycle life, and rate capability.
Despite the exceptional electrochemical performance for the interphase-engineered all-ceramic lithium cell, the capacity decay could still be observed, especially when tested at 100 C. The capacity decay is most likely related with the mechanical degradation of the cathode/electrolyte interface due to the volume change of LCO, because a large amount of microfractures with some flakes was observed in the cycled cathode ( Figure S9 ). Cycling the battery at 100 C helped to largely improve the specific capacity when compared with cycling at 25 C, but also caused a larger strain/stress within the cathode composite because of larger volume change of the electrode. The capacity decay due to the mechanical degradation of the interface is consistent with the previous report 24 and was also supported by the electrochemical performances of the cathode composites with a higher content of LLZO and without LLZO ( Figure S10 ). The cycling performance of cathode composite with a higher content of LLZO (and a lower content of LCO) was largely improved, while the cathode composite without LLZO particles showed a poor cycling performance.
The reason for such a huge difference is that (1) increasing the content of LLZO as a reinforcing phase could help improve the mechanical strength of the cathode composite, 42 and (2) lowering the content of LCO in the cathode composite could help reduce the strain/stress during cycling. We believe further improvement in the cycling performance is highly likely by improving the mechanical strength of the cathode composite, for example, by using LLZO nanowires as the reinforcing phase. In addition, the rate performance of the interphase-engineered all-ceramic lithium battery at room temperature still needs to be improved. This could be achieved by optimizing the composition of Li 2+y C 1Ày B y O 3 (y = 0-0.3) interphase to achieve a high ionic conductivity or introducing electronically conductive additives into the cathode composite by a spark plasma sintering method. 48 In conclusion, we demonstrated an innovative approach to address the huge interfacial resistance between LCO cathode and LLZO electrolyte by thermal soldering LCO and LLZO together with the Li were repeated to enhance purity. The as-prepared LLZO powder was ground using a high-energy vibrating mill (SPEX SamplePrep* 8000M Mixer/Mill) for 1 hr to reduce its particle size and then stored in air. Detailed description of LLZO pellets can be found in our previous reports 34, 49 and in Figure S4 . Characterization XRD patterns of the materials were measured with a D8 Advance with LynxEye and SolX (Bruker AXS, WI, USA) using Cu-Ka radiation. The morphologies of the sample were examined using a Hitachi SU-70 field-emission scanning electron microscope and JEOL 2100F field-emission transmission electron microscope. Raman spectra were collected on a Horiba Jobin Yvon Labram Aramis using a 532-nm diodepumped solid-state laser. The surface chemistry of the samples was examined by XPS using a Kratos Axis 165 spectrometer. XPS data were collected using a monochromated Al-Ka X-ray source (1,486.7 eV). The working pressure of the chamber was lower than 6.6 3 10 À9 Pa. All reported binding energy values are calibrated to the C 1s peak at 284.8 eV.
Preparation of the All-Solid-State Cell LLZO powder and LLZO pellets were stored in air to ensure the spontaneous coating of Li 2 CO 3 on the surfaces. LiCoO 2 and LLZO powders with or without Li 2 CO 3 coating, and Li 2.3 C 0.7 B 0.3 O 3 powders were mixed in a weight ratio of 58:30:12 (the corresponding volume ratio is 45:30:25). The cathode composite was mixed with ethyl cellulose as a binder, and a-terpineol as the solvent to prepare the electrode slurry. The slurry was then coated on the top surface of the LLZO solid electrolyte pellet, and the solvent was removed by drying at 100 C under vacuum. The LLZOsupported cathode composite was then heated at 700 C for 1 hr in air. A thin layer of gold ($200 nm) was sputtered on top of the cathode using a sputter coater (Cressington 108auto) to improve the electrical contact between cathode and current collector. Li metal anode was attached on the other side of LLZO pellets in an Ar-filled glovebox to make the SSB. The anode side of the LLZO pellet was thoroughly polished in a glovebox before attaching Li metal anode to remove the Li 2 CO 3 coated on the surface. The as-assembled SSB was sealed in a Swagelok cell with stainlesssteel rods as current collectors. For the performance test at 25 C, the as-assembled cell was put into an oven at 100 C for 5 hr to ensure a good contact between lithium and LLZO.
Electrochemistry
Galvanostatic charge and discharge of the all-solid-state lithium batteries were conducted between 3.0 and 4.05 V (or 4.2 V) at different temperatures. The charge/ discharge behavior was tested using an Arbin BT2000 workstation at different temperatures. The current density is determined based on 1 C corresponding to 115 mA/g. The current density and the specific capacity were calculated based on the weight of LiCoO 2 in the cathode. The electrochemical impedance spectroscopy (EIS) tests were carried on an electrochemistry workstation (Solartron 1287/1260 
